ABSTRACT
Introduction
In a typical weld bead, grain coarsening occurs in the heat-affected zone (HAZ) closest to the fusion zone, while the HAZ farthest from the fusion zone experiences grain refining. The temper bead welding method was developed to reduce the hardening in the HAZ of the parent metal. Coarse-grained structures have poor resistance to fracture and reduced fracture toughness in the weld metal, but not to the same extent as in the parent metal.
Temper bead welding can create weld joints that have a reduced hardness compared with weld joints created using conventional welding processes. Unlike a full postweld heat treatment, temper bead welding does not reduce residual stresses in a weld joint. However, in cases where a postweld heat treatment cannot be performed, the temper bead welding technique has the potential to provide some of the benefits of post-weld heat treatment at much lower costs and down-time.
While this may appear easy in theory, in practice it can be difficult to achieve. Because it requires the production of many test weld specimens and metallographic examinations, to build sufficient confidence to perform the actual production temper bead weld procedure [1] . This paper proposes to use the microstructure evolution model developed in [2] and [3] to predict micro-structure evolution and hardenability in the heat-affected zones in low alloy steels to optimize temper bead weld procedures.
Design of the Experiment; initial design
The experiment is a three-bead-on-plate weld on a 305 × 152.4 × 32 mm plate taken from [4] . The first bead is welded on the center line of the plate. The second bead is to the side of bead 1 with a 50 % overlap. The third bead or temper bead The plate was preheated to 393 • K and the maximum allowed interpass temperatures was 423 • K as was done in [4] . There were 207 time steps to complete the welding and allow for cool down. The welding time for the first bead was 72 seconds followed by a 101 seconds cooling time to reach a maximum temperature of 416 • K. The temperature between each bead is required to be less than 432 • K by the weld procedure from [4] . Then the second bead started with a welding time of 66 seconds and 121 seconds cooling time to reach a maximum temperature of 419 • K. Finally the third bead ran with a welding time of 32 seconds and then the plate was allowed to cool for 7816 seconds to reach a temperature less than the preheat temperature (393
• K). The break down of the number of total time steps is 52 for welding the first bead, 20 for cooling after welding the first bead, 50 for welding the second bead, 18 for cooling after welding the second bead, 29 for welding the third bead welding and 38 for the cooling after welding the third bead.
The material is a low alloy steel. The composition of the base metal and filler metal is given in Table 2 . The base metal has a higher carbon equivalent and thus higher hardenability. The difference in composition will lead to significant differences in the microstructures of weld filler metal and the HAZ of the base metal.
The number of 8-node brick volume elements was 199,857 and the number of nodes was 233,166. The mesh was refined by temperature based on two iso-therm field values 800 • K and 1100 • K. This is done by running a full transient thermal analysis all welds with a relatively coarse mesh. Then in the next step the elements that have the temperature between 800 and 1100 • K are refined. The final mesh which is shown in Fig. 1 was used for the analysis. The element length in the weld was 1 mm. 
Computational Model
The full computational model that includes thermal analysis, evolution of the micro-structure and computation of hardness of the microstructure at room temperature is described below.
Thermal analysis
The 3D transient temperature is computed by solving the transient heat equation. where h is the specific enthalpy, the super imposed dot denotes the derivative wrt to time, κ is the thermal conductivity, T is the temperature, and Q is the power per unit volume or the power density distribution. The transient heat equation was solved with a Lagrangian finite element method [5] . The initial temperature was 300 • K. The double ellipsoid model [6] , shown in Fig. 2 with parameters a 2 =6 mm, front, a 1 =12 mm, rear, b=4 mm, width, and c=2 mm, depth, is employed to model the weld heat source .
A convection boundary condition with convection coefficient h c = 20 [w/m 2 K] and ambient temperature of T ambient = 300 • K generated a boundary flux q [w/m 2 ] on all external surfaces.
The time step length while welding was chosen so that three time steps were required to travel the length of the 18 mm longweld pool, i.e., 6 mm per time step. Filler metal was added as the welding arc moved along the weld path, i.e., the FEM domain changed in each time step during welding. After each weld pass was completed, the time step length was increased exponentially by a factor 1.2 per time step until the simulation stopped. At the time the simulation stopped the plate had cooled to 304
• K. The CPU time was 150 minutes for thermal analysis on a 3.3 Ghz quad core Intel machine. 
Evolution of micro-structure
Having computed the transient temperature field, the evolution of microstructure was solved using algorithms described in [2] and [3] . These algorithms extend the theory in [7] . The essential idea is that a pseudo-Iron-Carbon phase diagram in which all lines and points are functions of the alloy composition is used to estimate the equilibrium microstructure of the alloy at any time and temperature. Then the kinetics of the transformation of the austenite or gamma phase to ferrite, pearlite and/or bainite phases that tries to drive the microstructure toward an equilibrium state is governed by ordinary differential equations such as Eq. 3. The transformation of austenite or gamma phase to martensite is governed by the Koistinen-Marburger equation which is an algebraic equation [8] shown in Eq. 4. COM = 59.6 %Mn + 1.45 %Ni + 67.7 %Cr + 244 %Mo
X : Volume fraction of equilibrium ferrite, not the volume fraction ferrite present. G : ASTM grain size index, N = 2 G−1 where N is the number of grains in 0.01 sq It is necessary to stop the evolution of ferrite when the equilibrium volume fraction is reached. Special starting procedures are required to start the integration of this ODE from X = 0 because the derivative is zero at X = 0.
M s : Martensite start temperature.
Fig. 6, 7 and 8 respectively show the martensite phase fraction result when the first, second and third bead reaches the cross section distanced 100 mm from the edge after the complete cool down at the end of process.
Growth of austenite grain size g in meters is assumed to obey the ordinary differential equation Eq. 5 given by Ashby and Easterling in [9] . 
where t is time, k is a constant that must be evaluated from experiment, Q is the activation energy for self-diffusion in austenite and T is temperature in degrees K. If Niobium-Vanadium carbo-nitrides are present that pin austenite grain boundaries, austenite grain growth does not start on heating until these carbo-nitrides have dissolved. On cooling austenite grain growth is assumed to halt as soon as ferrite begins to precipitate. The argument for this is that the ferrite pins the austenite grain boundaries to halt grain growth. The austenite grain size growth in a thermal cycle is described in detail in [3] . Fig. 9 shows the austenite phase size result for the first bead, the second bead and the third bead at the cross section 100 mm from the front edge after the complete cool down after each weld pass.
Hardness
The Vickers hardness of the alloy H is computed by Eq. 6 where X m , X b and X f p are the volume fractions of martensite, bainite and ferrite-pearlite. The Vickers hardness of martensite, H m , bainite, H b and ferrite-pearlite, H f p are computed by Eq. 7, 8 and 9. V designates cooling rate at 1000 •K (•K/hr) multiply by 3600 to transform V to ( • K/s) and log is logarithm to base 10. , and 12 respectively show the hardness result while the first, second and third bead reaches the cross section 100 mm from the front edge after the complete cool down at the end of each weld pass. 
Validation
Fig . 13 shows the comparison between measured data taken from [4] and computed result such that the column of images on the left show measured VPN hardness and the column of images on the right show computed VPN hardness after each weld pass. This comparison shows that the model is capable to evaluating VPN hardness and changes due to temper bead passes. There is a limited area shown in the right column of images in Fig. 13 by a dark contrast (or blue if image was in color ) in which the computed hardness is lower than the measured hardness.
Why is the computed hardness of ferrite so much lower than the measured hardness in the blue region? One possibility is that the martensite formed in this region by weld passes 1 and 2 is heated into the inter-critical region by weld pass 3. This might cause austenite with carbon composition near the eutectoid composition of 0.8 % C to form form. On cooling this austenite with high carbon composition might form hard martensite grains in a low carbon ferrite matrix. Because the current version of the computer model does capture such changes in carbon composition of the austenite, this might account for this discrepancy.
Where the martensite forms directly from homogenized austenite, i.e., from austenite of composition of 9016, the computed hardness and the measured hardness agree reasonably well. One possibility is that the austenite grain size is larger and this shifts the C-curve to the right and promotes martensite. This could be checked by plotting the phase fractions versus time for a point at a distance say 0.0001 and 0.001 m along the line.
Design of experiment; Perturbation design pattern
Fig. 14 shows the line along which the VPN hardness is measured and Fig. 15 shows the VPN hardness is measured for the setting tested in section .
Constant power per unit length of weld with different current and speed
The first pass is kept as given in Table 1 with power per unit length of weld, current and speed equal to 696 kJ/m, 115 Amp and 2.23 mm/s respectively. The second and third passes have unchanged power per unit length of weld but different values as Table 3 for ± 25 % perturbations in power and speed with the same percentage of the perturbation. Fig. 16 shows the VPN hardness computed along the line shown in 14 for the design-of-experiment (DOE) matrix given in Table 3 . This plot shows that firstly, the final state for hardness is determined by the final pass comparing three sets of projects including (1, 4, 7), (2, 5, 8) , and (3, 6, 9), secondly, keeping power per unit length constant, the high power and speed gives less hardness value in filler metals but shorter tempered length. It suggests that a high power can reduce the hardness well in filler metals but higher speed limits the time for the power to penetrate a deeper length for deeper tempering. 
Perturbation of power per unit length of weld controlled by current
To study the effect of power, the power per unit length is perturbated by perturbation in current when the speed is kept constant. This design-of-experiment (DOE) matrix is given in Table 4 in order to test ±25% change in power per unit length of weld controlled by power. Fig. 17 shows the computed VPN hardness along the line shown in Fig. 14 for the DOE matrix in Table 4 . Fig. 18 shows six sets including different projects from Table 4 for a better comparison. It shows that the hardness profile is most sensitive to the power per unit length of weld of the third pass. It suggests that a high power can reduce the hardness well and gives a deeper tempering length in a fixed speed.
Perturbation of power per unit length of weld of weld of weld controlled by speed
To study the effect of speed, the power per unit length is perturbated by perturbation in speed when the current is kept constant. This design-of-experiment (DOE) matrix is given in Table 5 in order to test ±25% change in power per unit length of weld controlled by speed. Fig. 19 shows the computed VPN hardness along the line shown in Fig. 14 for the DOE matrix in Table 5 . Fig. 20 shows six sets including different projects from Table 5 for a better comparison. It shows that the hardness profile is most sensitive to the power per unit length of weld of the third pass. It suggests that a low speed can provide more Fig. 16 . The computed VPN hardness along the line shown in 14 for the design-of-experiment (DOE) matrix given in Table 3 . Table 4 .
time for the heat to penetrate a deeper length and gives deeper tempering length in a fixed current.
Discusion
Because hardness can be measured easily, quickly and economically, there is a particular focus on hardness as the most important criterion required in practice. Hardness is a function of carbon equivalent, austenite grain size and cooling rate between 800 to 1000 • K.
The microstructure cannot be characterized by the power per unit length of weld or weld heat input. This is shown by running tests with different values of speed and current while the power per unit length of weld is held constant. Table 4 for a better comparison. The sets are (1, 2, 3) , (4, 5, 6) , (7, 8, 9) , (1, 4, 7) , (2, 5, 8) , and (3, 6, 9) from top left to bottom right. Table 5 .
On the other hand, the parameters that determine the power per unit length of weld are not fixed in practice and vary along the weld. Three DOE matrices used for two main parameters that determine the power per unit length of weld; current and speed. The result shows the expected upper and lower bound for hardness due to the variations of each parameter.
The results shows that the final hardness was not sensitive to a change in power per unit length of weld for bead 2. The final hardness was most sensitive to the power per unit length of weld for bead 3. A lower power per unit length of weld gives higher hardness in the HAZ and weld but a narrower HAZ. Higher power per unit length of weld has the converse effect. The final hardness is not sensitive to changes in speed for bead 2. The final hardness is sensitive to changes in the weld speed for bead 3. Higher weld speeds in bead 3 give higher hardness in the HAZ and weld but a narrower HAZ. Lower weld speeds have the converse effect. Table 5 for a better comparison. The sets are (1, 2, 3) , (4, 5, 6) , (7, 8, 9) , (1, 4, 7) , (2, 5, 8) , and (3, 6, 9) from top left to bottom right.
Conclusion
A model for the evolution of micro-structure and hardness in a temper bead weld in a low alloy steel was presented.
The good agreement between measured and computed temper bead weld hardness demonstrates that the temper bead procedure can be simulated and optimized for low alloy steels.
A sensitivity analyses of the temper bead hardness for beads 2 and 3 to perturbations in the current, speed and power per unit length of weld was performed.
Three design-of-experiment (DOE) matrices with size 9 (projects) by 4 (parameters) implemented in a computational weld mechanics framework such that each DOE matrix implemented automatically as a single run. Such capability enables users to explore a large space of design parameters with almost no change in the user's time to setup the projects required.
